Rotaviruses are responsible for significant gastrointestinal disease, primarily in children Ͻ5 years of age and the young of other mammalian species. Each year rotaviruses cause approximately 111 million episodes of gastroenteritis in children, which result in 25 million visits to clinics, 2 million hospitalizations, and 352,000 to 592,000 deaths. On a worldwide basis, nearly every child experiences rotavirus gastroenteritis by age 5, 1 in 5 visits a clinic, 1 in 65 is hospitalized, and 1 in 293 dies. Children in the poorest countries account for 82% of rotavirus deaths (60). This disease burden underscores a need for interventions such as vaccines. A vaccine was developed and approved, but recommendation for its use was withdrawn because of vaccination-associated adverse events (57). Additional information about the molecular biology, immunology, and pathogenesis of rotavirus infection will inform ongoing vaccine development efforts.
posed of 11 segments of double-stranded RNA. There are six structural proteins and six nonstructural proteins, each encoded in a unique genome segment except for nonstructural proteins 5 and 6 (NSP5 and NSP6), which are encoded in overlapping reading frames of a single segment. The rotavirus genus is divided into serological groups (A to E). Groups A to C infect humans, and all groups infect animals. All the information presented here is in regard to group A virus infections.
Pathophysiology of rotavirus diarrhea. The enterocytes lining the small intestine are generally divided into two types: enterocytes and crypt cells (Fig. 1) . Villus enterocytes are mature, nonproliferating cells covering the villi that are differentiated to digestive and absorptive functions. The absorptive enterocytes synthesize a number of disaccharidases, peptidases, and other enzymes that are expressed on the apical surface, where they carry out their digestive functions. Absorption across the enterocyte barrier occurs both by passive diffusion of solutes along electrochemical or osmotic gradients and by active transport. While the majority of water transport is passive along osmotic gradients, transporters such as the sodium-glucose cotransporter 1 (SGLT1) transport water along with solute (42) . The crypt epithelium lines the crypts and is the progenitor of the villus enterocytes. Crypt cells lack the well-defined microvilli and absorptive functions of the enterocyte and actively secrete Cl Ϫ ions into the intestinal lumen. In the normal animal, the combined activity of the enterocytes and crypt cells results in a constant bidirectional flux of electrolytes and water across the epithelium. On the villi, the balance is toward absorption, and in the crypts, the balance favors secretion (51) .
Our understanding of rotavirus pathophysiology comes primarily from animal models. Rotaviruses replicate in the nondividing mature enterocytes near the tips of the villi, suggesting that differentiated enterocytes express factors required for efficient infection and replication (13) . The severity and localization of rotavirus intestinal infection vary among animal species and between studies; however, the pathological changes are almost exclusively limited to the small intestine. In various animal models, rotavirus infection is associated with virtually no visible lesions; slight lesions, such as enterocyte vacuolization and loss; or larger changes, such as villus blunting and crypt hyperplasia. Inflammation is generally mild compared to that for other intestinal pathogens. This picture of pathology suggests that there is no absolute correlation between histological lesions and disease symptoms.
Rotavirus infection alters the function of the small intestinal epithelium, resulting in diarrhea. The diarrhea was generally considered to be malabsorptive, secondary to enterocyte de-struction (34) . In addition to enterocyte destruction, absorption of Na ϩ , water, and mucosal disaccharidases are decreased (10, 28) , while mucosal cyclic AMP appears not to be altered (16) . Malabsorption results in the transit of undigested monoand disaccharides, carbohydrates, fats, and proteins into the colon. The undigested bolus is osmotically active, and the colon is unable to absorb sufficient water, leading to an osmotic diarrhea (27) . Another study suggested that the diarrhea was malabsorptive and resulted from epithelial damage caused by villus ischemia (58) . A secretory component of the diarrhea was suggested, based on elevated levels of prostaglandin E 2 (PGE 2 ) in the infected gut and the stimulation of secretion by PGE 2 (79) . The fact that gut lesions often do not correlate with the presence of diarrhea stimulated the search for other mechanisms of diarrhea induction. The viral nonstructural protein NSP4, a secreted fragment of NSP4, or certain NSP4 peptides were found to have toxin-like activity and to induce diarrhea when inoculated into mice (3, 23, 77) . The NSP4 enterotoxin activity provides a way to mediate diarrheagenic changes in the absence of significant damage or to mediate changes at uninfected sites. Recently, it was shown that several drugs that block the action of the ENS attenuate rotavirus-induced secretion in the intestine, suggesting a role for the ENS in rotavirus diarrhea (44, 45, 46) . It was estimated that ϳ67% of the fluid and electrolyte secretion in rotavirus diarrhea in experiments with mice was due to activation of the ENS (46) . Thus, it is clear that rotavirus diarrhea is multifactoral, resulting from the direct effects of virus infection and the indirect effects of infection and the host response.
Some rotavirus infections are asymptomatic (10), which suggests that both viral and host factors can affect disease severity (13) . Among the viral factors are the following. (i) Some alleles of VP4 may be associated with asymptomatic disease (24) . (ii) Virus strains can be attenuated, particularly by passage in cell culture. Attenuation generally results in a restricted ability to replicate and cause disease in the host (32) seem to be adapted for growth in particular host species (host range) (5) . Several host factors have also been shown to affect the severity of rotavirus disease, including the following. (i) Malnutrition is documented to increase the severity of rotavirus diarrhea (71) , where it delays small intestinal recovery (78) and modifies intestinal inflammatory responses (79) . (ii) Rotavirus symptomatic infections are generally age restricted (13) . The age dependence appears to be unrelated to receptor expression, as both the viral and the NSP4 receptors are expressed in adult animals. However, signaling downstream of the NSP4 receptor does appear to be age dependent (53) , but age restriction may be related to immunity, as neutralizing antibodies increase with age and virus exposure. (iii) Rotavirus disease may be related to age-dependent protease expression, as viral infectivity requires protease cleavage of VP4 and newborns have low levels of protease in the gut (29) . (iv) The expression of intestinal mucins and the rate of epithelial cell replacement and fluid absorption are both age dependent and have been shown to affect rotavirus infection and disease in the host (51, 76) .
THE CURRENT MODEL OF DIARRHEA INDUCTION BY ROTAVIRUS
Many of the salient events in rotavirus induction of diarrhea are shown in Fig. 1 . Most of the data used to construct this figure were derived from model animal and cell culture systems, although some items were demonstrated in humans as well. Numerous recent reviews have dealt with specific aspects of diarrhea induction (21-23, 43-45, 50, 52, 67) . From these reviews and the discussion above, it is clear that a multitude of viral and host factors have the potential to influence rotavirus infection and disease production. Below, I have assembled what we currently understand about the interplay of these factors in the induction of rotavirus diarrhea.
The process leading to diarrhea is initiated when rotavirus binds to and infects enterocytes in the small intestine (Fig. 1A) . Binding is mediated by sequential interaction with a series of sialic acid-containing and nonsialylated receptor molecules. The virus is internalized by an unknown mechanism, and the outer capsid is lost, activating the virion-associated transcriptase and viral macromolecular syntheses. Viral proteins and RNAs concentrate in cytoplasmic structures called viroplasms, where RNA replication and packaging take place. Intracellular events, probably involving NSP4, cause release of Ca 2ϩ from the endoplasmic reticulum. The increase in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) triggers a number of cellular processes, including disruption of the microvillar cytoskeletal network, lowered expression of disaccharidases and other enzymes at the apical surface, general inhibition of the Na ϩ -solute cotransport systems, and necrosis. NSP4 appears to be released specifically by a Ca 2ϩ -dependent, nonclassical secretion pathway prior to cell lysis. These events lead to a malabsorption component of the diarrhea through reduction in absorptive capacity of the epithelium, reduced activity of Na ϩ -solute cotransporters, and reduction of digestive enzyme expression on the epithelial surface.
The release of NSP4 from infected cells allows paracrine effects to occur on uninfected cells (Fig. 1A) . NSP4 binds to these cells, using specific, unidentified receptor(s) (22) , and triggers a phospholipase C-inositol 1,3,5-triphosphate (PLC-IP 3 ) cascade that culminates in the release of Ca 2ϩ from the endoplasmic reticulum, increasing [Ca 2ϩ ] i . If NSP4 acts on enterocytes, one of the results is the disruption of tight junctions, resulting in paracellular permeability. If NSP4 acts on crypt cells, the resulting increase in [Ca 2ϩ ] i leads to secretion in the crypt, mediated by activation of a Cl Ϫ transporter, resulting in an increased secretory component of the diarrhea. Secreted NSP4, or other effector molecules released from infected cells, may also stimulate the ENS (Fig. 1C) . Indeed, experiments with agents that block function of the ENS showed that rotavirus infection induced secretion via stimulation of the ENS. This information begins to shed light on the mechanism(s) by which relatively few infected cells, causing little visible damage to the mucosa, can elicit a diarrheal response.
THE MOLECULAR BASIS OF DIARRHEA INDUCTION
Rotavirus diarrhea is multifactoral, has malabsorption and secretion components, and may have other components suggested to be related to villus ischemia and intestinal motility. Here I present the relevant data on the induction of each of these components (references are selective and for illustrative purposes).
Malabsorption. A malabsorptive component of rotavirus diarrhea appears to be related to the primary infection with the virus. Infection of villus enterocytes leads to a cascade of events involving Ca 2ϩ (Fig. 1A ). This disruption of Ca 2ϩ homeostasis appears to be mediated by synthesis of viral proteins (17, 49) . Increased Ca 2ϩ permeability at both the plasma membrane and the endoplasmic reticulum leads to an increase in [Ca 2ϩ ] i , triggering a chain of events that leads to cell lysis (61 (19) . In contrast, the increase in [Ca 2ϩ ] i induced by intracellular NSP4 is independent of PLC stimulation (73) . The NSP4-mediated effects may amplify the diarrheagenic effect of infection in the absence of significant visible tissue damage. However, the ability of inactivated rotavirus particles to induce diarrhea (68) suggests that viral structural proteins may also play a role in the dysregulation leading to diarrhea.
Rotavirus infection has other effects on enterocytes that may contribute to malabsorption (Fig. 1A) . Infection leads to an increase in [Na ϩ ] i and a decrease in [K ϩ ] i , which appear to be related to increased plasma membrane permeability and not inhibition of the Na ϩ /K ϩ pump (17) . Changes in intracellular levels of Na ϩ and K ϩ could impair electroneutral NaCl absorption and Na ϩ -linked nutrient absorption, resulting in a loss of fluid (50) . [Na ϩ ] i dysregulation may be related to a general inhibition of the Na ϩ -solute cotransport systems (30) . NSP4 may also be involved, as the NSP4 114-135 peptide is a specific and noncompetitive inhibitor of SGLT1 (31) . Infection also reduces the expression of digestive enzymes at the apical sur-VOL. 78, 2004 MINIREVIEW 10215 face of infected enterocytes. For example, the activities of alkaline phosphatase, lactase, sucrase, and maltase are reduced (6, 12, 16) . The expression of sucrase and isomaltase in cultured human intestinal epithelium was also reduced, probably as a result of perturbation of protein targeting and the microvillar cytoskeleton (33) . Rotavirus infection alters the structure of polarized enterocytes in a number of ways. The increase in [Ca 2ϩ ] i induced by rotavirus infection affects the Ca 2ϩ -sensitive proteins F-actin, villin, and tubulin, damaging the microvillar cytoskeleton, whereas rearrangements of other cytoskeletal proteins (cytokeratin-18) are independent of changes in [Ca 2ϩ ] i (6, 7) . Both rotavirus infection and NSP4 promote functional changes in tight junctions between enterocytes that maintain the epithelial barrier (18, 72) . The drop in transepithelial resistance induced by either the virus or NSP4 suggests that infection can cause paracellular leakage. Rotavirus also induces intestinal epithelial cells to secrete CXC and CC chemokines, suggesting that enterocyte chemokine secretion plays a role in initiating the immune response to infection (9, 66, 69) . Interleukin-8 (IL-8), GRO-␣, RANTES, interferon (IFN)-stimulated protein 10, and granulocyte-macrophage colony-stimulating factor (GM-CSF) are stimulated, whereas other chemokines (tumor necrosis factor alpha, IL-1␣, IFN-␣, IFN-␥, MIP-␣, MCP-1, and IL-6) are unchanged. Induction of IL-8 and RANTES is noteworthy because these are the most potent chemoattractants for intestinal intraepithelial lymphocytes (20) . It is unclear if virus replication is required for induction of chemokine secretion (9, 66) . In addition, the levels of PGE 2 are increased in infected intestine (79) . The chemokines may activate the immune response rather than directly contribute to diarrhea. Thus, rotavirus infection causes a number of changes in the villus epithelium that contribute to malabsorption.
Secretion. The secretory component of rotavirus diarrhea appears to be secondary to virus-induced functional changes at the villus epithelium. The central players in secretion appear to be NSP4 and the ENS. The precise role and targets of secreted NSP4 are unknown. NSP4 may simply amplify the effects of infection in the enterocyte epithelium. However, NSP4 may also act at the crypt epithelium (Fig. 1A) , where it would induce increases in crypt cell [Ca 2ϩ ] i , activate Cl Ϫ secretion, and lead to an outflow of water. This Cl Ϫ secretion is known to be unrelated to the cAMP-dependent Cl Ϫ channel of crypt cells because CFTR-knockout mice are susceptible to rotavirus or NSP4-induced diarrhea (2, 53) . The identity of the Cl Ϫ channel involved in rotavirus diarrhea in CFTR-knockout mice remains unknown. It is proposed that NSP4 itself may form a channel or that NSP4 activates a dormant Ca 2ϩ -activated anion channel (53) . Interestingly, these studies also showed that the age dependence of rotavirus diarrhea is not due to agedependent expression of a NSP4 receptor or age-dependent Ca 2ϩ mobilization but rather to the age dependence of Cl Ϫ permeability (53) . Another possible target of secreted NSP4 is the ENS, which is also a target in classic cholera toxin-induced diarrhea (45) . Indeed, the ENS is rich immediately under the villus epithelium, and it is situated to receive stimuli from the rotavirus-damaged epithelium (Fig. 1C, inset 1) . Although NSP4 stimulation of the ENS has not been shown experimentally, it has been shown that the ENS is involved in rotavirus diarrhea (46) . The application of a number of pharmacologic agents that block ENS stimulation (lidocaine, tetrodotoxin, and mecamylamide) significantly lowered the transmembrane potential difference in a virus dose-dependent manner in Ussing chamber or organ bath experiments using rotavirusinfected intestinal tissues. In organ bath experiments, blocking the ENS could change net secretion to net absorption (45) . In live infected animals, repeated administration of lidocaine significantly prevented fluid losses. Thus, it is clear that the ENS is activated during rotavirus infection, and this activation could explain how relatively few infected cells at the villus tips could stimulate crypt cells to secrete electrolytes and water (45) . While it is unknown if NSP4 directly stimulates the ENS, the ENS is known to respond to a number of molecules released from enterocytes. Cholera toxin induces the release of 5-hydroxytryptamine (5-HT) from enterochromaffin cells in the villus epithelium, and 5-HT is a stimulator of the ENS (44). It is possible that secreted NSP4 binds to enterochromaffin cells, inducing a release of 5-HT and stimulation of the ENS (44) (Fig. 1C, inset 2) . Likewise, the secretion of chemokines and prostaglandins by infected enterocytes may serve to stimulate the ENS. Currently, the ENS and NSP4 appear to have the major roles in the secretory response to infection. Villus ischemia. Although damage to the intestinal epithelium is minimal in rotavirus-infected mice, villus ischemia was observed in some studies (58, 70) . It was proposed that diarrhea could result from virus-induced release of an unknown vasoactive agent from infected epithelium, causing a local villus ischemia and subsequent functional damage to enterocytes (59) . However, villus ischemia has not been observed in other animal models, so the significance of this observation remains unknown.
Intestinal motility. In some diarrheal infections, intestinal motility is significantly increased. The intestinal transit time is decreased in rotavirus infection, implying increased motility (50) . The ENS generally controls motility, but the molecular stimulator of motility is not known. It could be any of the ENS stimulators discussed above.
To summarize, rotavirus diarrhea is clearly a multicomponent disease. Good evidence exists for malabsorptive and secretory components. The mediators of these disease components range from primary cellular damage to a secreted viral enterotoxic peptide and a virus-induced interaction with the ENS.
SYSTEMIC INFECTION WITH ROTAVIRUS
L. M. Kraft performed some of the early studies of rotavirus infection, using epidemic diarrhea of infant mice virus (EDIM) before it was recognized as a rotavirus (1) . An important but under-appreciated aspect of this work is that rotavirus spread throughout the bodies of the infected mice following oral infection (39, 40, 41) . By 72 h postinfection, infectious EDIM was found in the lungs, liver, spleen, kidney, bladder, brain, and blood. Since most of the organs where EDIM was detected are highly vascular, it was generally assumed that virus in the tissues reflected the presence of blood.
Subsequently, a large number of clinical case reports suggested that rotaviruses could be found at extraintestinal sites following infection. It was not clear if the virus was replicating and infectious at these sites or passively present in the blood or if it resulted from contamination during sample collection. Examples include the finding of virus in the liver following fatal disease (8) , the finding of elevated liver enzymes associated with virus infection (38) , and the demonstration of viral replication in the liver and kidneys of an immunodeficient child (26) . Rotavirus involvement in biliary atresia was suggested, although the best data involve group C rotaviruses (65) . Neurological involvement was suggested by several reports of children with concomitant convulsions and rotavirus diarrhea (for examples, see references 35 and 56). Whether putative central nervous system (CNS) infection results from contamination is not known, but one study strongly suggested infection of the CNS (48) . In recent studies, rotavirus antigens were detected in myocardium from patients who died unexpectedly (11) , and in vitro studies demonstrated the ability of rotavirus to replicate in primary islet cells, an observation that correlates with the temporal association of infection with development of pancreatic islet autoantibodies (14) . These case reports strongly indicate that rotavirus infection may have rare systemic sequellae, although one must bear in mind that infectious viruses were not isolated and replication was shown only once (26) .
In animal models, rotaviruses have also been documented to spread beyond the intestine after oral infection. In the mouse model, sites of spread include the lamina propria, Peyer's patches, mesenteric lymph nodes, lung, liver, kidney, and bile duct (13) . Group A rotaviruses have been shown to induce biliary atresia in mice, but this system requires intraperitoneal, not oral, inoculation of virus (15) . The most detailed studies of extraintestinal spread in the mouse examined spread to the liver following oral inoculation.
The liver as a site of systemic infection. Spread of virus in orally infected mice was shown in persistently infected SCID mice where a diffuse hepatitis was noted. Infectious virus was isolated from the liver, and surviving mice developed chronic liver disease (64, 75) . Infectious virus was also found in the livers of normal mice, although the hepatitis was less severe and resolved spontaneously (75) . Spread of virus to the liver and development of hepatitis were described as virus strain dependent. These results were supported by studies of cultured human hepatoma (HepG2) cells, where some viruses were capable of complete infectious cycles and others were not (37, 63) . The strain-specific ability to infect HepG2 cells segregated with viral genome segment 4, encoding the outer capsid spike protein VP4 (36, 63) . Subsequent studies indicated that viruses unable to replicate in HepG2 cells entered less efficiently, but the absolute block to infection occurred at a late step in the intracellular replication cycle (S. Jafar and R. F. Ramig, unpublished data).
Recent studies utilized the strain difference in extraintestinal spread to the liver as the basis for a genetic approach to identifying viral determinants of the spread phenotype. A collection of reassortants made from virus strains RRV (spread competent) and SA11-Cl4 (spread incompetent) were inoculated orally into suckling mice, and the presence of infectious virus in the liver was used as a proxy for extraintestinal spread. A statistical analysis of the data indicated that genome segment 7, encoding the nonstructural protein NSP3, was significantly linked to virus spread to the liver (54). However, replication of virus to high titer in the intestine was not significantly linked to the ability to spread. Thus, a virus must replicate to spread, but it need not replicate to high titer to spread to the liver. A follow-up study showed that virus escaped the intestine via a lymphatic route, appearing sequentially in the Peyer's patch, the mesenteric lymph node, and, finally, the peripheral tissues (55) . These studies also showed that genome segment 6, encoding VP6, was a secondary determinant of spread. The combination of segment 6 from a spreading virus with segment 7 from a nonspreading virus allowed escape from the intestine but only to the mesenteric lymph node and no farther (55) . The association of a nonstructural protein, NSP3, with escape of virus from the intestine suggested that virus transits in infected cells. Indeed, preliminary experiments indicate that virus in the mesenteric lymph node is internalized by some cells of the lymphocytic or myloid lineage (E. C. Mossel and R. F. Ramig, unpublished data). NSP3 is described as a protein that functions in the regulation of protein synthesis by binding to a specific sequence at the 3Ј termini of the nonpolyadenylated viral mRNAs and interacts with the translation initiation complex to favor viral protein synthesis in the infected cell (62) . How NSP3 functions as the primary determinant of spread to the liver is not understood.
Potential role for viremia in rotavirus spread and pathogenesis. The numerous clinical reports of rotavirus at systemic sites and work with mice that showed systemic spread prompted a systematic search for evidence of widespread rotavirus viremia in children and animal model systems (4) . In a retrospective study, 22 of 33 (66%) serum samples from rotavirus-infected children were positive for rotavirus antigen by enzyme immunoassay (EIA), whereas 0 of 35 rotavirus-negative children had antigens in their sera. In a subset of six children with paired acute and convalescent-phase sera, viral antigen was present in all acute-phase sera and none of the convalescent-phase sera, indicating that the antigenemia is transient (4) . Only three of six serum samples from rotavirusinfected children were positive by PCR, the lower positivity probably reflecting the lower sensitivity of the PCR assay used (4) . In another study, three children who died of rotavirusassociated disease were examined retrospectively. Two of the three children had rotavirus RNA in extraintestinal tissues (spleen, heart, lung, kidney, testes, bladder, adrenal gland, and pancreas), as determined by reverse transcription-PCR. Confirmation of positive PCR products by hybridization with serotype-specific probes indicated that the two children with extraintestinal rotavirus were infected with different G serotypes (47) . These findings show that viral antigen and/or virus particles enter the circulation.
Prospective studies with animal models confirmed the antigenemia seen in humans and also demonstrated viremia. Rotavirus antigen could be detected by EIA in 100% of the sera from infant and adult mice, rats, rabbits, and calves that were experimentally infected (4). Three of three infected infant mouse serum samples yielded infectious virus when assayed by oral inoculation of naive mice with sera, and 9 of 11 sera from adult mice yielded infectious virus in the same assay (4 3, 2003) . It is interesting that viremia was not observed routinely in the studies of rotavirus intestinal escape to the liver (55) . In these studies, infectious virus was detected in the blood of only 2 of 60 (3%) animals infected with strain RRV, the strain that induced antigenemia in 100% of mice (4) and viremia in 100% of rats (Crawford et al., 8 th International Symposium on Double-Stranded RNA Viruses). The reason for this difference is unclear, although it may indicate that virus moves from the intestine to the liver by a mechanism that does not involve viremia.
The results presented here indicate that antigenemia is a nearly universal event in children and animal models (Table 1) . In animals, antigenemia was accompanied by a transient viremia, as demonstrated by the presence of infectious virus in the sera of virtually all animals tested. While viremia is not yet proven in children for lack of demonstration of infectious virus in the serum, it seems likely that viremia also occurs in children. This viremia may provide a mechanism for seeding peripheral tissues with virus during rotavirus infection and may account for the reports of systemic sequellae associated with rotavirus infection. However, these data also suggest that systemic sequellae to viremia are rare, since, for example, 100% of mice and rats are viremic (4; Crawford et al., 8 th International Symposium on Double-Stranded RNA Viruses) but only about 25% of mice experience liver infection after oral infection with the same virus strain (54, 55) .
CLOSING COMMENTS
Rotaviruses naturally infect the enteric tract and cause diarrheal disease in children and young animals. The pathophysiology of rotavirus diarrhea is clearly multifactoral. There is a malabsorptive component of the diarrhea that seems related to primary damage to intestinal epithelium by virus infection and the action of a secreted viral enterotoxin (NSP4). The effects observed on the epithelium can be traced primarily to dysregulation of Ca 2ϩ in the epithelium. A secretory component of rotavirus diarrhea appears to result from stimulation of the ENS. The mode of activation of the ENS is not clear, but it may be through secreted NSP4 or the chemokines and other factors released from infected epithelial cells. The secretory component of the diarrhea appears to result from Ca 2ϩ dysregulation of the secretory crypt cells. We have learned a great deal of the molecular biology of rotavirus diarrheal disease components, but a great deal of work remains to be done before rotavirus diarrhea induction is completely understood.
In the past several years, interest in rotavirus spread to extraintestinal tissues has been renewed. It appears that some of this spread depends on viral factors, but other components of the spread may be related to viremic hosts. It remains unclear if viremia is, in any way, related to diarrheal disease. It is important to determine if systemic infection with rotavirus is responsible for, or plays a role in, clinical syndromes not currently associated with rotavirus.
The studies reviewed here indicate that we have made significant progress in understanding the molecular basis for rotavirus intestinal pathogenesis and spread to peripheral sites. However, there remain a large number of questions to be answered. For example, we need to know if NSP4 is the key viral protein or if other viral structural and/or nonstructural proteins play a role in induction of diarrhea. How is a NSP4 fragment specifically secreted from infected cells early in infection? How is the ENS activated by rotavirus infection, and what are the roles of NSP4, chemokines, or other stimulatory molecules released by infected cells? Do rotavirus strains with NSP4 polymorphisms differ in activation of the ENS? What is the nature of the age-dependent, Ca 2ϩ -regulated Cl Ϫ channel activated by infection? Does the host innate or adaptive immune response play any role in the development of intestinal disease or systemic spread? How does a viral nonstructural protein known to regulate translation play a central role in the spread of virus from the intestine to the liver? How does rotavirus gain access to the circulation, and does it leave circulation to cause clinically significant infections at systemic sites? Finally, it will be important to determine if viremia and/or systemic spread contribute to pathogenesis in the average rotavirus infection where extraintestinal sequellae are not seen. Answers to these and other questions are exciting to anticipate and will increase our understanding of this ubiquitous disease of childhood.
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